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ABSTRACT
The nearby transiting system GJ 436b offers a unique opportunity to probe the structure
and atmosphere of an extrasolar ‘hot Neptune’. In this Letter, we present the main results
of observations covering two transit events with the Near Infrared Camera and Multi Object
Spectrograph (NICMOS) camera on the Hubble Space Telescope (HST). The data consist in
high-cadence time series of grism spectra covering the 1.1–1.9 μm spectral range. We find
Rpl = 4.04 ± 0.10 R⊕ and R∗ = 0.446 ± 0.011 R for the planet and star radius, confirming
and improving earlier measurements with a ground-based photometry and a Spitzer light curve
at 8 μm, as opposed to a much higher value obtained with the Fine Guidance Sensor on the
HST. We measure no departure from strict periodicity in the transits to the level of ∼7 s. This
strongly disfavours the proposed explanation of the orbital eccentricity of GJ 436b in terms of
the perturbation by another close-by planet. We measure a flat transmission spectrum at the
level of a few parts per 10 000 in flux, with no significant signal in the 1.4-μm water band to a
level comparable to the maximum amplitude of the effect predicted by planetary atmosphere
models.
Key word: planetary systems.
1 I N T RO D U C T I O N
The planet orbiting around the nearby M-dwarf star GJ 436 is the
first known transiting Neptune-class planet – and to date the only
one (Butler et al. 2004; Gillon et al. 2007; Maness et al. 2007).
The planet has a 2.64 d orbit with an eccentric of 0.15, and a mass
of ∼23 Earth masses. Its radius of ∼4R⊕ implies a primarily icy
or rocky composition with an envelope of hydrogen and helium
(Adams, Seager & Elkins-Tanton 2008), a hotter version of Uranus
or Neptune. Measurements of the secondary eclipse in the mid-
infrared with the Spitzer Space Telescope indicate a photospheric
temperature in the vicinity of 700 K (Deming et al. 2007).
A second planet has been hypothesized to explain the high or-
bital eccentricity (e.g. Ribas, Font-Ribera & Beaulieu 2008a). This
planet would induce variations in the transit timing detectable with
sufficiently precise transit photometry.
Spectroscopic time series during transit can also provide infor-
mation on the transmission spectrum of the planetary atmosphere:
in wavelengths where its atmosphere is more opaque, the planet ap-
pears larger across the stellar disc and the transit is slightly deeper.
Based on observations with the NASA/ESA Hubble Space Telescope, ob-
tained at the Space Telescope Science Institute, which is operated by AURA,
Inc., under NASA contract NAS 5-26555.
†E-mail: fpont@astro.ex.ac.uk
This effect was first detected for the transiting system HD 209458
by Charbonneau et al. (2002), and recently used to obtain an exten-
sive characterization of the atmospheric transmission spectrum of
HD 189733b (Pont et al. 2007; Swain, Vasisht & Tinetti 2008).
We here present the analysis of two sequences of spectra ob-
tained with the Near Infrared Camera and Multi Object Spectro-
graph (NICMOS) camera on the Hubble Space Telescope (HST)
with the G141 grism, during two transits of the GJ 436 system in
2007 November 11 and December 15. These data pertain to the
issues mentioned above: the resulting precise time series in total
flux provides very accurate constraints on the stellar and planetary
radius, and determine the timing of the two transits to a few seconds,
the spectroscopic time series constrains the planetary atmosphere
transmission spectrum.
2 DATA A N D R E D U C T I O N
The images were taken with the G141 grism on the NICMOS
camera, sampling the 1.1–1.9 μm spectral interval. The first HST
visit consists of 937 images taken between JD = 2454415.48 and
2454415.71, the second visit of 917 images between 2454449.85
and 2454450.08. The images are 1.993-s exposures obtained on
11-s centres. Since GJ 436 is not situated in the continuous view-
ing zone of HST, data were acquired during only half of the or-
bits. The timing of the observations is such that orbit 3 (of 4) of
each visit occurs during the transit, sampling the transit centre and
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egress. Orbit 2 and 4 are used to set the out-of-transit baseline and
calibrate the instrumental effects. As in previous similar observa-
tions, orbit 1, during which the telescope and instrument settle to
the new mode, cannot be used at this level of accuracy. We used the
same defocus setting as in previous NICMOS grism observations
of bright transiting planets. The highest signal peak on the detector
is 87 000 electrons, which corresponds to 43 per cent of the 215 000
full well-depth for the NIC3 detector.
2.1 Flat-fielding and flux extraction
The standard pipeline was used to perform bias level, zero read sub-
traction, non-linearity correction, dark subtraction and cosmic ray
removal. Wavelength-dependent flat-field corrections were com-
puted by interpolating between a set of calibration flat-fields taken
in different filters.
To calculate the flux, we define an extraction box out to a specified
intensity level chosen by running several trials and selecting the one
that returns the smallest time series rms over out-of-transit orbits
2 and 4 of each visit. We interpolate spatially over a small set of
dead and extra noisy pixels. A global sky level is then evaluated and
subtracted for each image.
2.2 External parameter decorrelation
Even though the instrumental setup, pointing and observing condi-
tions were kept very stable, the photon signal-to-noise ratio is so
high in our data set that it is important to correct even tiny instru-
mental effects.
As in Pont et al. (2007), we removed these effects to first or-
der with multilinear decorrelation. We track four external variables
for each exposure: the drift of the spectrum in x and y coordi-
nates on the detector, its rotation and width change. The shift in
x-position was evaluated by cross-correlating extracted 1-d spec-
tra. The changes in y-position, width and rotation were defined
by fitting a set of 1-d Gaussian in the cross-dispersion direction
along the first-order spectrum. The amplitude of the changes was
±0.04 pixel in position, ±0.03 pixel in width and ±0.05 degrees
in rotation in the first visit, and about twice as large in the second
visit. To these four vectors, we add a linear time vector as a fifth
decorrelation parameter (to account for a constant drift over the
whole observing sequence). For each of the two visits, we calibrate
the corrections from a multilinear regression of the flux residuals
against the value of the external parameters for the second and fourth
orbit (the first orbit is discarded and the third consists of in-transit
data).
This external parameter decorrelation decreases the rms of the
intensity in 1-min time intervals from 3.27 × 10−4 to 1.97 × 10−4
for the first visit and 5.68 × 10−4 to 2.07 × 10−4 for the second.
Contrarily to the case of ACS data on HD 209458 (Pont et al.
2007), the latter values are still two to three times larger than the
photon-noise limit (0.74 × 10−4).
Nevertheless, the decorrelation produces satisfactory results for
the data of the first visit, as shown a posteriori by the residuals
around a transit light-curve fit. The results are less well behaved
for the second visit. The reason is that several external parame-
ters take values during the third orbit (the in-transit orbit), that are
not covered during the second and fourth orbits used for decorre-
lation. Therefore, the decorrelation is performed by extrapolating
the dependence between parameters and residuals outside the range
actually sampled.
2.3 Correlated noise analysis
Noise on transit time series has a very different impact depending
on its covariance properties, as discussed in Pont, Zucker & Queloz
(2006). Noise correlated in time and frequency, such as that pro-
duced by telescope and detector systematics, produces much higher
uncertainties on the final results than uncorrelated noise sources
such as the photon shot noise, because correlated errors do not
average out quickly with higher number of exposures.
We model the noise as a combination of purely random and
entirely correlated components, following the approach of Pont
et al. (2006):
σ 2tot = σ 2w + σ 2t + σ 2ν
with σ w the purely white noise component, σ t and σ ν the compo-
nents correlated in time and frequency, respectively. The coefficients
are estimated by ensuring σ 2 = (σ 2w + σ 2ν)/N + σ 2t in 15-min time
bins and σ 2 = (σ 2w + σ 2t )/N + σ 2ν in 14-pixel bands along the
dispersion direction (14 pixel is the approximate point spread func-
tion size). We find σ tot = 4.7 × 10−4, the total rms of individual
intensity values, breaks down into σ w = 3.9 × 10−4, σ t = 2.3 ×
10−4 and σ ν = 1.0 × 10−4. The white-noise term averages out when
integrated over large number of exposures. For global parameters
like the planet-to-star radius ratio, the second terms (noise with time
correlation) will dominate the error budget. We thus expect the ef-
fect of correlated noise to amount to ∼3 × 10−4 on the transit depth,
corresponding to a precision of 0.6 per cent on the radius ratio of the
system. For the transmission spectrum, the most relevant source of
noise is the last one (noise with wavelength correlation). The noise
budget is ∼1.5 × 10−4 on transmission spectral features including
white and correlated noise.
3 I N T E G R AT E D - L I G H T L I G H T- C U RV E
ANALYSI S
3.1 Transit parameters
The light curve integrated over the whole spectrum is plotted in
Fig. 1. The residuals have the same amplitude and correlation prop-
erties inside and outside the transit, indicating no significant devia-
tions from the signal expected for the transit of an opaque body in
front of an M-dwarf star. In particular, no indication of the transit
of another, smaller body in front of the star is seen, nor in-transit
residuals that could indicate that the planet is occulting a large star
spot (as was the case for HD 189733 in Pont et al. 2007).
Since our data set covers the transit egress twice and never the
ingress, it is not suited to measure the position of the mean epoch
of the transit. We therefore adopt the epoch and period of the transit
signal obtained on five partial transits with the Fine Guidance Sensor
of the HST by Bean et al. (2008; hereafter B08): P = 2.6438904 d
and T = 2454455.27924 HJD. We also adopt the eccentricity and
argument of periastron from the radial-velocity orbit. At the level
of accuracy reached by our data, it is important to use a precise
limb-darkening profile, even though the effect of limb darkening
is somewhat lower in the near-infrared (near-IR) than at shorter
wavelengths. To calculate the limb-darkening parameters, we used
a model selected from a grid of Kurucz atmosphere models with an
effective temperature of 3500 K, log(g) = 5.0, a turbulent velocity of
1 km s−1 and [Fe/H] = 0.0. We calculate limb darkening numerically
on 17 points along a chord crossing the stellar disc, and fit the four-
coefficient non-linear law of Claret (2000). We calculate the limb-
darkening coefficients for the central wavelengths of 114 one-pixel
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Figure 1. NICMOS integrated-light time series (decorrelated for instrumen-
tal effects), in 1-min bins (five to six data points per bin), with best-fitting
transit model light curve, for the two HST visits. The rms around the curve
is 1.97 × 10−4 for the first visit and 2.07 × 10−4 for the second.
intervals along the spectral dispersion of the NICMOS spectra,
then compute the intensity-weighted mean of the coefficients for
the integrated-light light curve. We find (1.533, −2.234, 1.913 and
−0.643) for the four coefficients.
We fit a transit curve model using the Mandel & Agol (2002) al-
gorithm on the NICMOS light curve, obtaining Rpl/R∗ = 0.0831 ±
0.0005, T tr = 0.0317 ± 0.0004 d and b = 0.850 ± 0.007 for the
geometric transit parameters (radius ratio, transit duration1 and im-
pact parameter). The uncertainties are calculated using the method
of Pont et al. (2006), accounting for the presence of correlated
noise in the data. Fitting the two transits separately yields Rpl/R∗ =
0.0832 ± 0.0006, T tr = 0.0317 ± 0.0004 and b = 0.857 ± 0.013
for the first visit and Rpl/R∗ = 0.0830 ± 0.0006, T tr = 0.0320 ±
0.0004 and b = 0.843 ± 0.014 for the second visit. The two sets of
values are compatible within their error bars.
We can then iterate on the transit epoch and period to attain a self-
consistent solution. With the geometric transit parameters fixed, we
free only the two transit timings for the NICMOS visits, findings:
T1 = 2454 415.620 74 ± 0.000 08 and T2 = 2454 449.991 41 ±
0.000 08. These values are not significantly different from those
obtained by extrapolating from the epoch and period found by B08
(5 ± 7 s earlier and 2 ± 7 s later) and used in the first fit. Further
iterating is thus unnecessary.
3.2 Transit timing
Fig. 2 shows the transit central times of the NICMOS and fine guid-
ance sensor (FGS) data, as residuals compared to the solution of
B08, that also take into account the earlier Spitzer and ground-based
measurements. The transit signal is found to be precisely periodic
to the level of a few seconds. Such stability severely constrains
1 Transit time of the centre of the planet across the stellar disc.
Figure 2. Transit timings for our two transits (smaller error bars) and the
five transits with FGS from B08. The dotted line shows the expectation for
a strictly periodic signal compatible with the earlier Spitzer transit.
the presence of a second massive planet with a period compara-
ble to that of GJ 436b, as invoked, for instance, by Ribas et al.
(2008a) to account for radial-velocity residuals and the orbital ec-
centricity. This scenario (and subsequent variations to account for
new observations, e.g. Ribas et al. 2008b) predicts oscillations of
several minutes in the transit times, which, barring highly unlikely
coincidences, are excluded by the NICMOS data.
We performed numerical integrations similar to those in Agol
et al. (2005) and Holman & Murray (2005) to estimate the amplitude
of transit timing variations that would be induced by an additional
planet in the GJ 436 system. A perturbing planet with mass 0.01 M⊕
in either the 2:1 or 3:1 mean motion resonance will generate rms
transit timing variations of ∼7 s, assuming that the perturbing planet
shares the orbital plane, argument of pericenter and eccentricity
(e=0.15) of GJ 436b. Likewise, a 5 M⊕ planet in a similar but non-
resonant orbit between the 2:1 and 3:1 mean motion resonance will
generate ∼7 s rms timing variations.
Bean & Seifahrt (2008) discuss the possible location in the
Mp − a planet of a second planet accounting for the eccentricity
of GJ 436b (see their fig. 1). Our data, while not strictly excluding
all scenarios, further narrow down the parameter space available.
If GJ 436b’s unusual eccentricity is not the result of perturbations
from a second planet in the system, we must consider the possibil-
ity that the planet’s eccentricity is primordial and we have simply
underestimated the circularization time-scale for this system. This
would require an unusually high value for the planet’s tidal Q factor,
but this factor is generally poorly constrained for extrasolar planets
(Ogilvie & Lin 2004; Wu 2005).
3.3 Planetary radius
Adopting M∗ = 0.452 ± 0.013 from Torres (2007), the transit
parameters found from the NICMOS data imply R∗ = 0.446 ±
0.011 R for the stellar radius and Rpl = 4.04 ± 0.10 R⊕(25 750 ±
650 km) for the planetary radius. The systematic uncertainties due
to stellar evolution models (for M∗) are not included in the error
estimates.
Our value for the planetary radius is in agreement with initial
ground-based estimates and the value derived from the Spitzer cov-
erage at 8 μm (Rpl  4.0–4.3R⊕). We do not confirm the signifi-
cantly higher value obtained by B08 (Rpl = 4.90+0.45−0.33R⊕) from the
FGS light curves. B08 discuss several possible explanations for
either the Spitzer or the FGS radius to be off by ∼2σ . In particu-
lar, the FGS light curve is built from five different partial transits,
with relative shifts between the different transits as free parameters.
Unrecognized time-dependent effects (instrumental systematics
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as well as stellar variability and spots) could thus modify the
shape of the transit. The effect of stellar limb darkening is also
much stronger in the visible wavelengths detected by FGS than
in the near-IR, and more difficult to calculate from models –
especially for an M-type spectrum. The effect of stellar variability
and spots is also larger for shorter wavelengths. Given these factors
and the higher total signal-to-noise ratio of the NICMOS data, the
radius value that we find suggests that the FGS radius is indeed
overestimated.
4 SPEC TROSC OPIC ANALYSIS
The primary objective of our observations was to provide broad con-
straints on the transmission spectrum of the planetary atmosphere
in the 1.1–1.9μm range, in particular around the water bands near
1.4 μm.
Models for this planet assuming a primarily hydrogen-dominated
atmosphere with solar metallicity predict that water will exist in gas
phase in the upper atmosphere, as this region is too hot for water
vapour clouds and too cool for water to be thermally dissociated.
At the predicted abundances, this water vapour produces a strong
absorption signal at near-IR wavelengths, including one band at
1.4 μm that falls in the centre of our spectrum.
We can estimate in an approximate way the size of the expected
absorption signal by calculating the atmospheric scaleheight, which
is given by H = kT/(g μ), where T is the temperature, g is the surface
gravity and μ is the mean molecular weight of the atmosphere.
For GJ 436b, assuming a temperature of 710 K (Deming et al.
2007; Demory, Gillon & Barman 2007), a surface gravity of 1280
cm s−1 (Butler et al. 2004; Torres 2007) and an atmosphere of
molecular hydrogen, this would correspond to a scaleheight of 230
km. The change in the depth of the transit is proportional to the
additional area occulted, typically approximated as 10·H (Seager
& Sasselov 2000), so the total size of the signal would be 2 ×
10−4. This is consistent with the predictions from full 1D radiative
transfer atmosphere models for GJ 436b (Miller-Ricci & Sasselov,
private communication), which indicate that the predicted signal
from water absorption in our selected bandpass should be 0.6–
1.1 × 10−4, where the lower end of this range corresponds to an
atmosphere with 30 times solar metallicity and the upper end is for
an atmosphere with solar metallicity (see Miller-Ricci, Seager &
Sasselov 2008 for a full description of the methodology used for
these models). Uniformly increasing the fraction of heavy elements
in this planet’s atmosphere does not significantly alter the relative
depths of the various absorption features, but it does produce a net
decrease in the strength of those features as the increased value of
μ reduces the atmospheric scaleheight.
To recover the wavelength-dependent information from the NIC-
MOS data, we repeated the extraction along columns on the CCD
perpendicular to the direction of dispersion. We built a differential
indicator of the intensity of absorption in the 1.4-μm water band,
by computing the difference between the flux in a 1.34–1.53 μm
passband with the mean of the flux in two side bands, 1.21–1.30
and 1.55–1.64 μm. We correct for the different limb-darkening co-
efficients in these passbands with the Kurucz models.
The presence of a planetary atmosphere with excess opacity in
the water band would leave a transit-like signature in the run of this
indicator with time, because the planet would appear larger within
the wavelength of the band than outside. We find a flux excess of
+1.42 ± 0.89 × 10−4 in the water passband during the transit. The
uncertainty is estimated from the variance of the time series of the
water indicator, and does not include the uncertainties in the cor-
rections of instrumental systematics. Based on the noise analysis of
Section 2.3, we estimate these at ∼1.0 × 10−4. To sum up, we find a
∼1σ signal in the direction opposite to the expected water absorp-
tion band, with a comparable amplitude. Thus, although spectral
signatures much larger than that predicted by the models are ruled
out, the NICMOS data are not sufficient to measure spectral features
of the planetary atmosphere.
We also built a low-resolution transit spectrum from our data,
to check whether any feature in the planet transmission spectrum
was visible above the uncertainties introduced by residual instru-
mental systematics. We binned the column-by-column wavelength
extraction in 5-pixel bands (0.04-μm passbands), and fitted a tran-
sit shape with all parameters fixed to the best-fitting values and
theoretical limb-darkening coefficients, except the transit depth.
Wavelength-dependent systematics in the time series were corrected
for each passband to first order with a five-parameter description:
two quadratic functions of HST orbital phase before and after the
moment when the telescope enters the Earth’s shadow and a zero-
point drift. We retain only the data when the covariance between
the decorrelation parameters and the transit depth was small, re-
stricting the results to the 1.35 < λ < 1.85μm interval and the first
HST visit. Outside this wavelength interval, the resulting spectrum
depends significantly on the parameters used in the decorrelation.
For the second visit, the wavelength-dependent decorrelation is not
stable, because the pointing and focus of the telescope took val-
ues during the in-transit orbit that are incompletely sampled by the
orbits before and after the transit.
Fig. 3 plots the results in terms of transit cross-section (R2pl/R2∗),
together with the results from ground-based observations (Shporer
et al. 2008), the Spitzer 8.0-μm measurement (Southworth 2008),
Figure 3. Planet cross-section (in percentage of the stellar disc covered) as a
function of wavelength for GJ 436b. The NICMOS data (squares) is binned
over 5-pixel intervals across the spectral dispersion direction. The short-
wavelength points come from a collection of ground-based data (Shporer
et al. 2008, triangle) and the B08 data (refitted with our orbital parameters).
The long-wavelength point is the 8.0-μm Spitzer transit (Southworth 2008).
Error bars for space data do not include the uncertainties on the correction
of instrumental systematics.
Table 1. New and updated parameters of the GJ 436 system.
Period (d) 2.6438904 (from B08)
Radius ratio 0.0831 ± 0.0005
Impact parameter 0.850 ± 0.007
Transit duration (d) 0.0317 ± 0.0004
Transit timing (HJD) 2454415.62074 ± 0.00008
2454449.99141 ± 0.00008
Star radius (R) 0.446 ± 0.011
Planet radius (R⊕) 4.04 ± 0.10
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and the B08 result refitted with our transit parameters. The dotted
line shows the best-fitting cross-section from the integrated-light
NICMOS data. The NICMOS spectrum has a rms of 1.9 × 10−4,
compared to an expected noise of 1.4 × 10−4 (including 1.0 ×
10−4 noise correlated in wavelength). The data can be explained
by a constant radius over all the wavelength range, and there is no
compelling evidence at this point for spectral features that could be
attributed to the effect of the planetary atmosphere at the level of a
few parts per 104.
5 C O N C L U S I O N
Two transits of the hot Neptune GJ 436b were measured in very high
signal-to-noise ratio grism spectroscopy in the 1.1–1.9 μm range
with NICMOS on the HST. The transit shape indicates a size of
Rpl = 4.04 ± 0.10R⊕ for the planet (assuming M∗ = 0.452 ±
0.013 M), confirming the values obtained with the Spitzer
8-μm data, rather than the higher radius from FGS/HST data in the
visible. The higher FGS value is probably due to the instrumental
systematics, unexpected values of limb darkening or irregularities
on the stellar surface.
No significant departures from a pure, strictly periodic transit
signal are present beyond the level of time-correlated residuals from
instrumental systematics (∼10−4 in flux), indicating the absence of
strong intensity fluctuations on the surface of the star crossed by the
planet, and of transit timing variations on the scale of a few dozen
seconds. This is a strong argument against a second close-in planet
producing the perturbations responsible for the eccentricity of the
orbit of GJ 436b.
We analyse the wavelength dependence of the transit depth in
search of features introduced by the planetary atmosphere. We find
no such feature at the level of a few parts per 104, and measure a flux
excess of +1.42 ± 0.89 × 10−4 in the water vapour absorption band
around 1.4 μm (where models predict a signal of 10−4 or lower in
the opposite direction). Therefore, the data exclude an anomalously
large signal in transmission spectroscopy in this band, but are not
sufficient to measure the actual size of the water absorption feature.
Our ability to remove systematics from the data is ultimately the
limiting factor in this analysis; if we are to achieve a detection of
water vapour in this planet’s atmosphere we will have to improve our
corrections for these effects in future analyses of HST observations
and reach a noise level much closer to that of the photon-noise-
limited precision for this system.
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